CI: 0.62−0.83) between FSR and HRCT in all coal miners. The sensitivity of HRCT for CWP diagnosis was 96.9% (93/96). We observed that 18 of the 67 (26.9%) miners negative for CWP by FSR were classified as category 1 by HRCT according to the lung parenchyma profusion category system reported by Bérgin et al. The difference in the profusion scores between CWP subjects and healthy controls for HRCT scans were statistically significantly higher than those for FSR. Conclusions: HRCT was more sensitive than FSR in recognition of the profusion of small opacities among coal miners. More research is needed to evaluate the role of HRCT in early diagnosis of CWP. (J Occup Health 2014; 56: 301-308) Key words: Coal workers' pneumoconiosis, Filmscreen radiography, High-resolution computerized tomography, Opacity coalescence, Opacity shape, Profusion of small opacities Coal workers' pneumoconiosis (CWP), caused by long-term exposure to occupational coal dust, remains one of the most serious occupational diseases in developing countries 1) . It is also the most serious occupational disease in China. Recent reports indicated that more than 2.65 million workers are exposed to coal mine dust 2) and about 5,300 to 13,000 incident CWP cases (more than 50% of all pneumoconiosis) were reported annually from 2007 to 2010 by the Chinese Ministry of Health 3)
odic medical screenings normally include a physical examination and conventional film-screen chest radiography (FSR). Currently, the diagnosis of pneumoconiosis in China is based on radiographic findings on conventional FSR using the Chinese Diagnostic Criteria of Pneumoconiosis 5) . The diagnostic criteria in China and its series of standard radiographic films are largely analogous to the ILO classification system. The agreement regarding detection of the presence of pneumoconiosis between the Chinese and ILO systems was 89.3% in our previous study 6) . The gold standard diagnostic method for pneumoconiosis including CWP is based on FSR by ILO and many other countries.
The profusion of small opacities and its lung field distribution are the main basis for clinical diagnosis of earlier CWP by FSR. When the disease develops, some small opacities will progress in size or merge together. Therefore, the border of small opacity coalescence is frequently confused in FSR. Blurred small opacities make CWP diagnosis difficult, especially in the early stage. Hence, many workers can not get timely diagnosis. New techniques in detecting nodular pulmonary parenchymal changes are expected.
In recent years, high-resolution computerized tomography (HRCT) has been demonstrated to be more sensitive in detecting nodular pulmonary parenchymal changes and emphysema, and perhaps it could provide more sensitive images for pneumoconiosis diagnosis, as it can reveal fine structural changes in the secondary lobule 7−10) . HRCT may provide a confident diagnosis without the need for a surgical biopsy 11) . Furthermore, it can quantify the extent of lung abnormalities and can be used to make up composite indexes that better estimate disease severity and prognosis 12, 13) . It also makes isotropic data acquisition possible, and it allows for multiplane reformation of high-resolution images to visualize lung anatomy and pathology in unprecedented detail. This latter characteristic is thought to be helpful for evaluating pulmonary parenchymal changes of CWP and its complications. The advantages of HRCT in pneumoconiosis diagnosis have garnered more and more attention, and its role in clinical diagnosis of pneumoconiosis is being discussed. Digital direct readout radiography, which has good agreement with conventional FSR, was accepted as diagnostic criteria for pneumoconiosis by the ILO in 2011 14, 15) . Subsequently, whether HRCT could be used as the diagnostic standard for pneumoconiosis aroused heated debate. More research in this field is needed.
In this study, we performed a comparison between HRCT and FSR images for recognition of the profusion of small opacities in a total of 200 coal mine workers. We also evaluated the possible role of HRCT in CWP diagnosis.
Materials and Methods

Subjects
From May 2009 through October 2011, we recruited 97 CWP category 1 dust exposed miners diagnosed by FSR at the hospital of a large coal company. Seventy healthy miners and 37 healthy controls without dust exposure were randomly selected from the same mine. These subjects had similar ages (± 5 years) and durations of employment (± 5 years) as the case. All subjects were male and without active tuberculosis, acute respiratory infection, asthma and chronic airway diseases, and all of them signed an informed consent form. Each of them underwent FSR and HRCT examinations separately within three months. Also the FSR images from previous examinations (last 3 years) of the same subjects were also collected for evaluation. In this study, we collected 209 FSR images from 204 subjects, of which 6 had more than one image. The study was approved by the institutional review board of the General Hospital of Xishan. Demographic data and characteristics of all subjects, including age, work history including start and stop date of coal dust exposure and cigarette consumption (pack-years) were collected by trained investigators using uniform questionnaires.
The quality of 413 images from FSR and HRCT for the 204 subjects is presented in Table 1 . None of the HRCT images were classified as unacceptable. Seven FSR images of 4 subjects including 1 CWP subject were classified as unacceptable, and all of their data were excluded from the subsequent analysis. A total of 200 male subjects was remained.
FSR and HRCT examination
Radiographic images were taken using a Siemens 800 mA x-ray machine, with the settings of 125 kV and 2−8 mAs and an acquisition time of less than 0.1 s. The subjects were placed in the posteroanterior position, and the distance between the focal plane and the film was 180 cm. The thin section (1.0 mm) HRCT scanning was performed with the bone algorithm on three selected sections: upper (aortic arch), middle (carina), and lower thorax (inferior pulmonary vein), respectively, using settings of 120 kV and 140 mA. And HRCT scans were obtained during suspended deep inspiration in the supine position.
FSR evaluation
FSR is the gold standard for pneumoconiosis diagnosis recommended by the ILO and China. Positive or negative Radiographic diagnoses of CWP were made by a group of three qualified physicians according to the Chinese Diagnostic Criteria of Pneumoconiosis (GBZ70-2009). The diagnostic crite-ria and the required series of standard radiographic films are largely analogous to the ILO classification system.
HRCT evaluation
The evaluation for lung parenchyma profusion category of small opacities, profusion score, shape and coalescence was performed by HRCT after FSR evaluation. Opacity shape in one case was decided by the predominant opacity shape in images and visually classified as rounded or irregular by using the same basic principles as previously defined by the ILO for chest radiographs in the case of occupational fibrotic lung disease 16) . Rounded opacities included micronodules and nodules. We defined a micronodule as an opacity with a diameter of less than 7 mm and a nodule as an opacity with a diameter of 8 to 20 mm, referring to the definitions described by Remy-Jardin and his colleagues 17) .
To evaluate the severity of pulmonary disease, we used a lung parenchyma profusion category system reported by Bérgin et al. Briefly, the categories were as follows: category 0=no definite opacities; category 1=a small number of opacities without disruption of vascular markings; category 2=many definite opacities, but with no confluence; category 3=a confluence of opacities with disruption of vascular markings; and category 4=a confluence of opacities extending over two or more slices that was consistent with progressive massive fibrosis (PMF) on FSR 18) . The lungs were divided into six zones (three zones on each side): the upper (above the level of the carina), middle (between the carina and inferior pulmonary veins) and the lower (under the level of the inferior pulmonary veins) areas. All HRCT sections were evaluated according to the above category system, and more than 2/3 involvement of the lung parenchyma in corresponding areas was required for the assigned profusion category. The profusion category for opacities in the six zones of the lung was first recorded separately, and then the highest category in the six zones was used for the subject.
To describe the extent of lung parenchyma opacities, the profusion score was determined by converting the above 0-4 category system to a linear scale of 0−10, with 0/−=0, 0/0=0, 0/1=1, 1/0=2, 1/1=3, 1/2=4, 2/1=5, 2/2=6, 2/3=7, 3/2=8, 3/3=9 and 3/+=10. This is similar to the ILO profusion score for chest radiographic evaluation. The profusion scores for each of the six lung zones were calculated first, and then the total profusion score for the six zones was used to represent the pulmonary parenchyma opacity. A set of images from Bérgin for profusion category was used as reference images 18) .
Images reading protocol
In the beginning, all FSR and HRCT images were independently and successively assessed by three certified readers for profusion category of small opacities, shape and coalescence in accordance with the relative standards. Two of the three readers were respiratory physicians with national diagnostic qualifications for pneumoconiosis, and the other one was a thoracic radiologist experienced in reading thoracic images. Unless more than one reader had the same interpretation, the images were reviewed by all readers again, and then the final consensus was reached through discussion.
Statistical analysis
Statistical analysis was performed with the SPSS version 17.0 software (SPSS Inc., Chicago, Il, USA). The sensitivity and false positive rate for HRCT were calculated with the following equations. Diagnosis with FSR was used as the gold standard.
Sensitivity=number positive by the test/number positive by gold standard False positive rate=number positive by the test/ number negative by gold standard Kappa statistics were employed to examine the agreement of the results between FSR and HRCT. We categorized kappa values less than 0.2 as poor, 0.2−0.4 as fair, 0.4−0.6 as moderate, 0.6−0.8 as moderately high and greater than 0.8 as high. The differences among groups were compared using ANOVA and the Chi-square test, as appropriate. p<0.05 was considered statistically significant.
Results
Study subjects
Among the 200 subjects, there were 96 CWP category 1 coal miners according to FSR, 67 healthy coal miners without CWP evidence according to FSR and 37 healthy controls. Table 2 shows that there was no statistical difference in mean age among the three groups. The average net years in dust for coal miners with CWP were not different from that for those without CWP. The number of cigarette smokers (including current and former smokers) among the CWP coal miners was significantly higher than in the other two groups (p<0.01).
Comparison of the profusion of small opacities between FSR and HRCT
The agreement with regard to small opacity profusion assessment between FSR and HRCT was good, with a crude agreement rate of 67.5%, a weighted kappa (κ ) of 0.69 and a 95% CI of 0.63−0.76 (Table 3) . Small opacity profusion was similarly distributed between the left and right lungs by zones (Fig. 1) . Good agreement was observed between the two methods in the upper and middle zones, and moderate agreement was observed in the lower zones.
Comparison of opacity shape designations between FSR and HRCT
For coal miners, the majority of opacity shapes were irregular in FSR images of CWP subjects (94/128, 73.44%), whereas cases with rounded opacity were predominant in HRCT images (149/158, 94.30%) ( Table  4 ). The distribution of opacity shapes was statistically significantly different (χ 2 =140.82, p<0.01) between FSR and HRCT.
Lung parenchyma profusion score in FSR and HRCT
The extent of pulmonary parenchyma opacity was expressed as the mean profusion score ( Table 5 ). The mean profusion score for HRCT (0.11 ± 0.46) was significantly lower compared with that for FSR (0.33 ± 0.76) in the healthy controls. However, the mean scores for profusion of small opacities for HRCT were 12.25 ± 11.52 in the healthy coal miners and 23.09 ± 10.05 in the FSR CWP miners. Both values were statistically significantly higher than those for FSR. The scores for profusion of small opacities for FSR were 2.84 ± 2.8 in the healthy coal miners and 18.86 ± 7.93 in the FSR CWP miners. The difference in profusion scores between CWP coal miners and healthy controls for HRCT were higher than those for FSR. A statistically significant difference existed between the two methods. Our results indicated that the background profusion scores for HRCT were lower than those for FSR. Coal dust exposure-induced lung parenchyma opacity changes in HRCT were higher than those in FSR.
Evaluation for CWP diagnosis
For dust-exposed coal workers, the agreement rate for detection of CWP status (positive or negative) was moderately high, with a crude agreement rate of 87.1% and weighted Kappa value was 0.72 (95% CI: 0.62−0.83) (Table 6 ). Furthermore, 93 of the 96 FSR category 1 CWP miners were detected by HRCT. The sensitivity was 96.9%. However, the results of FSR, film-screen radiography; HRCT, high-resolution computerized tomography.
HRCT indicated that 62 of the 93 (64.6%) cases were category 1 CWP, 30 (31.3%) cases were category 2 CWP and 1 (1%) cases were category 3 CWP. The other 3 FSR category 1 CWP miners were classified as 0/1 by HRCT. Among the 67 coal miners negative by FSR, 49 miners were classified as 0/0 or 0/1, and 18 miners were classified as category 1 CWP by HRCT. The false positive rate was 26.9%.
Discussion
In present study, we found that agreement regarding detection of the presence of pneumoconiosis between FSR and HRCT was 87.1%. HRCT could detect 96.9% pneumoconioses diagnosed by FSR, and HRCT was more sensitive than FSR in recognition of the profusion of small opacities in coal miners. These results suggested that HRCT had clinical diagnosis value. At the same time, we noted that 18 of the 67 (26.9%) miners who were CWP negative by FSR were classified as category 1 by HRCT. This result indicates that the role of HRCT in pneumoconiosis diagnosis in the early stage needs further evaluation.
Although the current diagnostic criteria for CWP are based on FSR, which is recommended as the gold standard by the ILO and many countries, it is well known that FSR has several limitations for pneumoconiosis diagnosis. For example, some opacities will appear as superimposed structures, and the technical quality of FSR images is sometimes not very good. In particular, when there are low profusion scores in FSR, it is difficult to distinguish 1/0 from 0/1, and the interpretation would be rather subjective. Welch et al. reported that the interobserver variability for the detection of radiological signs of early asbestosis and pleural fibrosis was lower than expected 19) . When FSR was ambiguous, HRCT was reported to be more sensitive than FSR in the detection of diffuse lung parenchyma diseases 10, 20−22) . Sun et al. observed that 8 subjects were diagnosed as having early silicosis based on HRCT of 30 subjects whose diagnosis were non-silicosis on FSR according to the same criteria 23) .
Their results were similar to ours. The study of Remy-Jardin also reported that 11 of 48 coal miners without CWP according to FSR (ILO profusion score <1/0) had CT features of CWP (CT profusion score >1/0) 17) . The false positive rate (22.9%) in that study was a little lower than ours (26.9%).
There are two reasons why more pneumoconiosis cases were diagnosed by HRCT scans. On the one hand, with its high resolution, HRCT is superior to FSR for the detection of small opacities, interstitial fibrosis and emphysema, especially in low-grade pneumoconiosis 24) . Even though there are no pathognomonic radiographic signs of dust exposure, specific HRCT signs can be recognized like a ground-glass appearance, bullae-bleb and emphysema 25) . On the other hand, HRCT can scan all the lung tissue in a single breath hold. During this short time, the variability in the degree of inspiration can be greatly minimized. As a result, CWP-associated nodules appear with sharper borders, and they are easier to recognize by HRCT than by FSR. This indicated that HRCT can reveal pneumoconiosis cases earlier than FSR. Several studies have found that coal miners negative by FSR but positive by HRCT had a recognized histological abnormality in their lungs 24−26) . The role of HRCT in pneumoconiosis diagnosis in the early stage and whether HRCT can be used as diagnostic criteria for pneumoconiosis need further evaluation.
The results of this study provided evidence for the advantages of HRCT scans in pneumoconiosis diagnoses. Firstly, the agreement regarding pneumoconiosis status (positive or negative) between the two methods was high (87.1%). Ninety-three of the 96 miners CWP positive by FSR were evaluated as positive by HRCT; the sensitivity was very high. Only 3 FSR pneumoconiosis cases were missed. We noticed that ground-glass attenuation and mixed emphysema, which might have obscured nodules in images, were found in all 3 cases when all their scans were read together. This made it difficult to distinguish CWP from nonoccupational fibrotic lung diseases such as IPF (idiopathic pulmonary fibrosis). This phenomenon was reported in a previous study 27) . Secondly, HRCT appeared better for recognition nodule coalescence. Thirdly, coal dust exposure induced a large difference or change in lung parenchyma opacity profusion scores in HRCT compared with those in FSR. Profusion scores represented the extent of pulmonary parenchyma opacities, which was the main pathological change of CWP. Therefore, HRCT is more sensitive for identification of the profusion of small opacities which could not be distinguished by FSR. I t w a s i n t e r e s t i n g t h a t t h e m a j o r i t y o f CWP-associated opacities manifested as rounded nodules in HRCT (149/158, 94.30%) scans, whereas the majority of opacities manifested as irregular opacities in FSR, and only 34 (26.56%) manifested as rounded nodules. The difference between the two methods was statistically significant (χ 2 =140.82, p<0.01). This phenomenon was mainly considered to be due to reduced superimposition and increased isolation achieved by HRCT. In this situation, readers could identify CWP-associated opacities with more confidence and less hesitation.
One potential limitation of this study is that we did not include category 2 pneumoconiosis or higher in FSR. The reason for this is that we hoped to compare earlier changes in pneumoconiosis between FSR and HRCT. Also most of patients with progressed CWP would not accept more radiographic examinations.
The results of this study indicated that the agreement regarding detection of the presence of pneumoconiosis between FSR and HRCT was 87.1%. The HRCT scans were more sensitive than FSR in recognition of the profusion of small opacities among coal miners. About 26.9% miners negative for CWP by FSR were classified as positive for CWP by HRCT, suggesting that more research is needed to evaluate the role of HRCT in early diagnosis of CWP.
